A venous thromboembolism (VTE) with the subsequent risk of pulmonary embolism is a major concern in the treatment of multiple myeloma patients with thalidomide. The susceptibility to developing a VTE in response to thalidomide therapy is likely to be influenced by both genetic and environmental factors. To test genetic variation associated with treatment related VTE in patient peripheral blood DNA, we used a custom-built molecular inversion probe (MIP) based single nucleotide polymorphism (SNP) chip containing 3404 SNPs. SNPs on the chip were selected in "functional regions" within 964 genes spanning 67 molecular pathways thought to be involved in the pathogenesis, treatment response and side effects associated with myeloma therapy. Cases and controls were taken from three large clinical trials: MRC Myeloma IX, Hovon-50 and ECOG EA100, which compared conventional treatments with thalidomide in myeloma patients. Our analysis showed that the set of SNPs associated with thalidomide-related VTE were enriched in genes and pathways important in drug transport/metabolism, DNA repair and cytokine balance. The effects of the SNPs associated with thalidomide related VTE may be functional at the level of the tumor cell, the tumor-related microenvironment, and the endothelium. The clinical trials described in this paper have been registered as follows: MRC Myeloma IX:
Introduction
The introduction of thalidomide and other immunomodulatory drugs has revolutionised clinical management of patients with myeloma. Thalidomide treatment has achieved response rates of 30% at relapse and even higher rates at presentation. 1 Investigation of the specific effects of thalidomide in myeloma remains an active area of research where up regulation of ICAM-1 2 , VCAM-1, IL10, 3, 4 IL12, 5 and decreased levels of VEGF, 6 βFGF, 7-9 HGF, 10 TNFα, 11 IL6, 12 sIL6-R, 13 are thought to play a role in the mechanism of action, which suggests that thalidomide effects the myeloma cell directly as well as its microenvironment. 14 The therapeutic use of thalidomide has focused attention on venous thrombotic events (VTEs). There appears to be a background rate of 5-10% VTE 15, 16 in myeloma possibly due to enhanced expression of tissue factor and VEGF, 17 acquired cytokine mediated activated protein C resistance 18 and down-regulation of thrombospondin.
19
In intensively treated patients exposed to thalidomide the rate of VTE increases to 10-15%, 16 ,20,21 the mechanisms leading to this are uncertain, but it is known that thalidomide regulates the level of COX-2 [22] [23] [24] [25] , a well described pro-thrombotic factor.
Thalidomide may also modulate the VTE risk by its effects on cytokine levels acting on the endothelial cell, a mechanism dependent on the differential apoptotic effects of thalidomide in myeloma plasma cells compared to endothelial cells, which are protected from apoptosis by decrease of VEGF by thalidomide, [26] [27] [28] In this context, it is known that stressed human umbilical vein endothelial cells (HUVECs) up regulate a number of pro-coagulant factors including PAR-1, P-selectin, E-selectin and tissue factor, with thalidomide protecting these cells from apoptosis potentially enhancing these pro-coagulant effects, there is some clinical evidence for this mechanism in nonmyeloma settings.
29-33
The risk of developing a VTE following thalidomide exposure depends upon a number of factors including: Disease stage, the type of chemotherapy combination and the supportive therapy used. Patient specific variables also contribute to the excess risk of VTE including immobility, poor performance status, and dehydration. An important clinical observation is that VTEs occur early after the initiation of thalidomide treatment only.
For personal use at Cedars-Sinai Medical Center Medical Library on October 6, 2008. www.bloodjournal.org From and VTE rates are increased in patients when used in conjunction with anthracycline and dexamethasone 34, 35 and can decrease following exposure to bortezomib. [36] [37] [38] [39] [40] The excess risk of thalidomide associated VTE in myeloma has been managed by a number of different strategies, ranging from the identification of high risk patients suitable for prophylaxis to prophylactic anticoagulation for all patients. 41 Aspirin has been suggested to be effective, 42 but its use is controversial because of the lack of a readily applicable mechanism justifying its use. In this work we have examined inherited genetic variation associated with VTE following thalidomide exposure in myeloma patients, using a custom array based SNP detection tool, in an effort to elucidate the molecular mechanisms contributing to increased risk.
Materials and methods

Clinical samples
Peripheral blood DNA samples were obtained from 544 myeloma cases derived from three randomised clinical trials comparing standard induction treatment for presenting patients with thalidomide containing regimens derived from the MRC Myeloma IX, 1966 patients, the ECOG EA100, 900 patients and the Hovon-50 study, 400 patients. identified and prophylactic anti-coagulation was considered by the treating physician, but it was not specified. The ECOG EA100 study randomised patients to either dexamethasone alone 40mg daily d1-4, d12-15 or the same dose in combination with thalidomide 200mg daily. In the study set, from which samples was available; no thromboprophylaxis was used on either arm. The Hovon-50 study randomised patients to either: 3 cycles of VAD: vincristine (0.4 mg, iv rapid infusion on days 1-4), doxorubicin (9 mg/m2, iv rapid infusion on days 1-4) and dexamethasone (40 mg orally, days 1-4, 9-12, 17-20) or the same regimen but with thalidomide replacing the vincristine (TAD). Thalidomide was given daily at a dose of 200 mg, but could be escalated to 400 mg. All patients in the TAD arm, received thromboprophylaxis with Low Molecular Weight Heparin (LMWH). Incident cases of VTE were defined using clinical criteria, and no screening approach was used. The identification of VTE represents current clinical practice with initial clinical identification and subsequent confirmation and definition of the extent of thrombosis using a definitive radiological investigation. Central venous thrombosis and line related thrombosis were defined by clinical criteria and subsequently confirmed by ultrasound.
Genotyping, SNP selection and chip design
DNA was extracted from frozen white blood cell pellets using Qiagen® Flexigene kit and quantified using a Nanodrop® Spectrophotometer. Genotyping was performed using the Affymetrix® Targeted genotyping™ platform which is based on a Molecular 55 Combined odds ratios were calculated using Mantel
Haenszel method for fixed events.
Biological relevance of the associated SNPs
To examine the possible functionality of the thalidomide related VTE associated SNPs, we used two complementary in silico algorithms for prediction of the putative impact of missense variants on protein function, PolyPhen (structural) and the SIFT (conservation), shown in Table S8 . We then used a bioinformatics approach to define the pathways potentially deregulated by the associated and validated genes. We used the functional annotation tool on the DAVID Bioinformatics Resources/Database, 56 to characterise which pathways are most represented in associated gene groups from our single point analysis. The gene coverage of the BOAC chip was used to form a template/background set, against which associated genes and validated associated SNPs with VTE were tested, and is presented in Table S9 .
Recursive Partitioning
In order to develop a predictive model for the identification of patients at high risk of VTE, we first divided the combined data set into a training and validation set. We then applied the method of recursive partitioning to the training set. 57 In this approach a regression tree is built by first finding the SNP which best splits the data into two only.
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The second stage in recursive partitioning consists of cross-validation by trimming back (pruning) the typically complex full tree. The best pruned trees are examined to find which one has the largest classification rate while using the smallest number of SNPs. Sensitivity and specificity are determined for the training and validation set. A receiver operator characteristic (ROC) curve is used to determine the best sensitivity and specificity trade-off.
Results
Clinical Results
The Myeloma IX analysis is based on 1966 randomised patients, on 984 cases treated with CTD, 557 with CVAD and 425 with MP. In the intensive pathway, the overall rate of VTE was identical in both arms (Table S1 ). However, there was a qualitative difference between the two arms with DVT being predominant in the thalidomide treated group and line related thrombosis being predominant in the CVAD group. In the non-intensive pathway very few VTEs were seen in the MP group, whereas in the CTD group there were 15.0% VTE. The median time to VTE in each of the groups was approximately 12 weeks from treatment initiation. The Hovon-50 study had VTE rates of 12.1% and 11.8% in the thalidomide related and standard arms respectively with median time to first event of 8.9 weeks. In the ECOG EA100 study the rates were 17.0% and 3.0%. For personal use at Cedars-Sinai Medical Center Medical Library on October 6, 2008. www.bloodjournal.org From sample genotype validation was replicated in BOAC labs to ensure there was no differential bias in genotyping scoring between sites. Cases and controls were also genotyped together throughout the experiment to avoid any differential bias in genotype scoring. We observed complete agreement between the known gender and inferred SNP based gender in all samples. We used Eigenstrat, 59 to highlight population stratification and removed four population outliers from the analysis. A number of admixture SNPs were included in the SNP panel, 53 genotype calls for these SNPs demonstrated that cases and controls reflected a sample set drawn from a Caucasian population.
Genotyping results and validation
The MRC Myeloma IX study is the largest of the data sets in this study and in order to capitalise on this, we chose to focus our discovery set on this study and to validate the results on combined data sets from Hovon-50 and ECOG EA100 trials. A set of SNPs for validation was defined, by separately determining the distribution of the most significant SNPs in the MRC myeloma IX study, Hovon50 and ECOG EA100 studies.
Following testing allelic distributions using Fisher's test to an empirical p<0.05, in the discovery set, 120 SNPs were found to be associated with thalidomide associated VTE, involving 71 genes (Table S2 ). Further genetic model association analysis in Myeloma IX data is listed in Table S3 , allelic and genetic model association for nonthalidomide related VTEs are listed in Table S4 and S5, with allelic and genetic model association for Hovon-50/EA100 trials shown in Tables S6 and S7 . With the aim of identifying genes modulating the risk of thalidomide related thrombosis we compared the distribution of the SNPs identified in this analysis between three subgroups, thalidomide associated VTE MRC IX, non thalidomide associated VTE MRC IX and thalidomide associated VTE from the combined Hovon50/ECOG EA100 studies. A Venn diagram, depicting the overlapping associated genes in the three analyses is shown in Figure 2 .
Validation of thalidomide related VTE associated SNPs
To validate the genotyping results in the discovery set, we discarded SNPs with conflicting frequency distributions between studies. This approach may have led to the only.
For personal use at Cedars-Sinai Medical Center Medical Library on October 6, 2008. www.bloodjournal.org From removal of a number of true positives from the analysis because of the small sizes of the Hovon-50 and ECOG EA100 data sets. SNPs with small effect sizes were also removed from the analysis. As a result of this process we found 24 SNPs (Table 1) associated with VTE in the "discovery set" with consistent distributions in the two validation datasets. Haplotype analysis showed that 6 SNPs were in linkage with a stronger proxy SNP and as such were discarded leaving 18 validated SNPs associated with thalidomide related venous thrombotic events. A "Forest plot" with Odds ratios (ORs) and Confidence Intervals (CI) for the combined and individual data sets of the validated SNPs was generated. (Figure 3) 
Gene-gene interactions
To examine gene-gene interactions we looked for pair-wise combinations mediating risk, the epistatic interactions with a p< 0.001 are shown in Table S10 .
Recursive partioning analysis
To maximise the size of the data set and thus to maximise the ability to identify relevant SNPs we combined all the data sets into one and randomly split it into a two third training set and one third validation set. The data was stratified by trial and VTE cases to insure that the training and validation sets are comparable. This data included 165 subjects without VTE and 84 subjects with VTE in the training set and 82 subjects without VTE and 42 subjects with VTE in the validation set. The training set was used to identify the top associated genes and SNPs by association at the level of p<0.05 listed in Table S2 . These SNPs were used in a recursive partitioning analysis carried out on the test set with the aim of finding the combination with the best sensitivity and specificity for the identification of VTE. We pruned the tree to find the tree with highest classification and smallest number of SNPs. The results of this analysis (Figure 4) showed that using 7 SNPs (rs7011 in CINP, rs289747 in CETP, rs610529 in ALDH1A1, rs3829963 in CDKN1A, rs2608555 in GAN, rs699947 in VEGF andrs168351 in ALDH1A) it was possible to identify VTE correctly in 70% of individuals with a specificity of 59% and sensitivity of 81%. This set of SNPs performed well in the validation set being able to correctly classify VTE in 61% of individuals with a specificity of 30% and sensitivity of 77%. (Tables S12 and S13) only.
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Discussion
This study has analysed data from three large randomised clinical studies comprising 3100 patients, comparing induction treatment for newly presenting patients with myeloma with and without thalidomide. The results of this analysis show that the background rate of VTE in MP-treated patients is very low and significantly increases with the addition of thalidomide. In addition we provide further evidence that infusional regimes based on VAD increase VTE rates to around 15%, which is similar to the rates seen with oral thalidomide combinations. The nature of the thrombotic events is qualitatively different between regimes, with all events being either DVT or PE in the oral thalidomide treated patients, whereas in the intravenous treatment 50% of the events are central line related. There is a doubling of non central line related VTE rates in the thalidomide treated patients compared to those receiving infusional induction regimens. The median time to VTE in each of the treatments is approximately 50-60 days after the initiation of treatment, a time reflecting the rapid dissolution of the myeloma clone. We have shown previously that response rate is enhanced in thalidomide containing regimes compared to VAD like regimes and we postulate that this is important in determining the VTE risk. 60 The mechanistic importance of increased response rates with VTE risk, may explain the reduced numbers of VTEs seen in relapse patients, who are frequently drug resistant and show lower response rates. It is also important not to discount increased VTE risk due to changes in the disease biology related pro-coagulant profiles of such relapsepatients.
Using a nested case control design, with readily defined exposure and clinical endpoint, this study has given useful information about inherited genetic variants with a moderate effect size affecting the thrombotic response to thalidomide exposure. We chose to use the MRC Myeloma IX study as our initial discovery set because it was the largest and had the most data available with it. Validation in the combined Hovon50/ECOG study represents a pragmatic decision based on study size, study design and our desire to identify penetrant variants that can be replicated with relevance to different studies and data sets.
only.
Despite a comprehensive analysis of the genetic variation within the coagulation and pro-thrombotic pathways, we could not find evidence for a significant association of genetic variation within these pathways with VTE risk following thalidomide exposure.
Although we found Factor 5 Leiden (rs6025) to be associated with an increased risk of VTE in this analysis, the thrombotic risk was not increased in patients treated with thalidomide, similar results were seen for polymorphisms in MTHFR and FGB. We saw no association with thalidomide related VTE in commonly reported VTE risk alleles in F2 -455G/A (rs3136430) splice variant 20210G/A (rs3136431). We did find weak associations with genes known to mediate the coagulation pathway including MTRR, PLAUR, PPARD, PPARGC1A, PPARGC1B, THBS4 and WNK, but the associated risk was not high. We conclude that we can exclude a major contribution of genetic variation within the coagulation and pro thrombotic pathways based on this targeted approach, although smaller contribution to the phenotype may be missed because of the study size and design. Our findings are consistent with previous clinical observations and work by some of the authors, who failed to identify relevant changes in functional assays investigating this pathway. [61] [62] [63] The lack of a strong association with variation in the coagulation cascade suggests that VTE risk is mediated via alternative mechanisms. We identified the following SNPs which validated across the three data sets (Figure 3 ). Using the whole BOAC panel as the background gene set in the DAVID Functional Annotation Clustering tool against the 18 validated genes, generated three major enriched annotation clusters.
The annotation clusters consisted of two 'response to stress' groups; a response to DNA damage group including: CHEK1, XRCC5, LIG1, ERCC6, DCLRE1B and PARP1; and a cytokine response group containing NFKB1, TNFRSF17, IL12B and LEP; and a third related group of 'apoptosis' with CASP3, PPARD and NFKB1. These enrichment groups indicate that genetic variation in response to DNA damage and cytokine mediated apoptosis modulates risk of developing a thalidomide related thrombosis.
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High dose dexamethasone enhances haemostasis, increases platelet activation and promotes von Willebrand factor antigen (vWF) dependent thrombosis. 64 Extremely high levels of factor VIII-coagulant (FVIII:C) activity and vWF have been found in thalidomide exposed patients. 65 Patients that develop a subsequent VTE had higher VWF-Ag levels but not FVIII:C. High FVIII:C/VWF-Ag levels are found in patients with active myeloma and this is probably a reflection of increased bone marrow angiogenesis in myeloma. These pro-thrombogenic circumstances would contribute to VTE during treatment with a thalidomide-dexamethasone combination. 65 In line with vWF mediating the pro-thrombotic effects of dexamethasone in thalidomide related VTE, we saw a protective effect of vWF non-synonymous SNP (rs216321) and synonymous SNP (rs216902) in thalidomide treated controls.
Although there is evidence to suggest thalidomide may damage DNA directly, 66 it is important to note the majority of cases in this analysis were derived from the MRC and Hovon-50 studies that included either cyclophosphamide or doxorubicin/adriamycin in the treatment regime, which may explain an association with DNA repair genes.
Variation in DNA repair capacity could readily affect the response of the myeloma clone to treatment, due to the direct relationship between the extent of DNA damage accumulation and the clinical response to alkylating agents 67 . A rapid response and dissolution of myeloma clones with an impaired double stranded DNA repair pathway would release greater pro-thrombotic factors that could be either micro-particles with surface tissue factor or cytokines and tissue factor. The greater thrombogenesis due to increased dissolution of the myeloma clone may act additively with a dexamethasone-thalidomide interaction on plasma cells, 68 giving rise to an increased number of VTEs in the MRC and HOVON studies. 69, 70 An alternative mechanism to explain the increase risk of a VTE associated with DNA repair genes could be based on the observation that thalidomide can protect endothelial cells from doxorubicininduced apoptosis by restoring PAR-1 expresssion 71 promoting sub-endothelial tissues factor exposure, endothelial dysfunction, platelet activation and consequently increase the thrombosis risk. [71] [72] [73] Under these conditions decreased DNA repair capacity could promote clot formation at the endothelium.
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The enrichment of cytokine mediated apoptosis genes in SNPs associated with thalidomide related thrombosis risk may also give clues to the role bortezomib and aspirin play in VTE management. Low rates of VTE are seen in myeloma patients treated with bortezomib (Velcade™) in thalidomide combinations, 37, 40, 74 possibly through the prevention of the up regulation of pro-thrombotic molecules such as thrombomodulin, cytokines, and E-selectin by bortezomib. 75, 76 A number of clinical studies have suggested that aspirin 42, [77] [78] [79] [80] [81] [82] [83] [84] [85] is effective at preventing the excess of VTE seen in thalidomide exposed individuals. Aspirin is classically thought to inhibit platelet COX-2, reducing platelet adhesiveness, modulating risk of arterial thrombosis. Aspirin can also lead to decrease levels of circulating TNF-α, by inhibiting IKK and therefore
NFkB. Higher levels of TNF-α and COX-2 lead to an increased risk of apoptosis in endothelial cells, which also become pro-adhesive to non-activated platelets. 86 In a thalidomide treatment setting, aspirin may be able to inhibit thalidomide VTE mediated events by lowering circulating TNF-α.
Genetic analysis of the multi-factorial phenotype that is thalidomide related venous thrombosis is challenging. To minimise experimental artefacts that can be found in many association studies, 87 we have associated a discrete clinical outcome from a homogenous population of similarly treated patients with high quality genotype data with stringent quality controls. We took a hypothesis driven candidate gene approach rather than a whole genome scan (WGS) based approach, because it was clear that the number of events to be analysed would be small and we were aiming to identify pertinent functional loci variants with moderate to large effect size. We accept that future GWS and sequencing approaches may add relevant variants in unknown pathways. As part of the analysis we took an exploratory approach to defining whether Testing for these SNPs has the potential for being clinically useful for identifying high risk patients for whom therapeutic intervention is required. For clinically defined high risk patients intervention strategies may not change, but for patients at genetic high risk for whom aspirin was the chosen strategy, intervention with warfarin or LMWH would be more appropriate. ATF3  DYRK4  NEK4   ADH4  ERCC4  NFKBIE  SH3TC2   ADRB2  EXO1  PARP2  SLC15A2   AKAP2  FANCE  PDSS1  SLC28A1   BZRP  FDFT1  PPP2R3A  SLCO1B3   CAT  FGB  PSKH2  SMAD5   CCL3  GHRL  PSMA7  SPRY2   CCR1  GLDN  PTGS2  SRD5A2   CD68  HGF  PTPN3  TDG   CD79B  ID3  PTPRD  TNF   CETP  IL13  PTPRJ  TNFRSF1B   CHUK  IL8RA  RAD50  TRERF1   CYP2S1  KIAA0274  RRM1  VRK2   DDIT3  MBD6  SELE  WNT16   DUSP23  NEIL3   ATF3  DYRK4  NEK4   ADH4  ERCC4  NFKBIE  SH3TC2   ADRB2  EXO1  PARP2  SLC15A2   AKAP2  FANCE  PDSS1  SLC28A1   BZRP  FDFT1  PPP2R3A  SLCO1B3   CAT  FGB  PSKH2  SMAD5   CCL3  GHRL  PSMA7  SPRY2   CCR1  GLDN  PTGS2  SRD5A2   CD68  HGF  PTPN3  TDG   CD79B  ID3  PTPRD  TNF   CETP  IL13  PTPRJ  TNFRSF1B   CHUK  IL8RA  RAD50  TRERF1   CYP2S1  KIAA0274  RRM1  VRK2   DDIT3  MBD6  SELE  WNT16   DUSP23  NEIL3   ABCA4  CETP  FGB  PLAUR  SERPINE1   ABCB1  CHST11  GHR  PLCG1  SLC13A1   ABCB11  CINP  GLI1  POLN  SLC22A1   ABCB4  COMT  HMGCS2  PON1  STARD3NL   ABCC5  CXCL12  HMMR  PPARD 
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